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ABSTRACT
We have determined an improved position for the luminous persistent neutron-star low-mass X-ray binary and
atoll source GX 9+1 from archival Chandra X-ray Observatory data. The new position significantly differs
from a previously published Chandra position for this source. Based on the revised X-ray position we have
identified a new near-infrared (NIR) counterpart to GX 9+1 in Ks-band images obtained with the PANIC and
FourStar cameras on the Magellan Baade Telescope. NIR spectra of this Ks = 16.5 ± 0.1 mag star taken with
the FIRE spectrograph on the Baade Telescope show a strong Br γ emission line, which is a clear signature that
we discovered the true NIR counterpart to GX 9+1. The mass donor in GX 9+1 cannot be a late-type giant,
as such a star would be brighter than the estimated absolute Ks magnitude of the NIR counterpart. The slope
of the dereddened NIR spectrum is poorly constrained due to uncertainties in the column density NH and NIR
extinction. Considering the source’s distance and X-ray luminosity, we argue that NH likely lies near the high
end of the previously suggested range. If this is indeed the case, the NIR spectrum is consistent with thermal
emission from a heated accretion disk, possibly with a contribution from the secondary. In this respect, GX 9+1
is similar to other bright atolls and the Z sources whose NIR spectra do not show the slope that is expected for
a dominant contribution from optically thin synchrotron emission from the inner regions of a jet.
Keywords: accretion, accretion disks; X-rays: binaries; binaries: close; stars: individual (GX 9+1)
1. INTRODUCTION
Neutron-star low-mass X-ray binaries (NS-LMXBs) with
weak magnetic fields show a wide variety in X-ray spectral
and variability properties. Based on the correlated behav-
ior of these properties, various NS-LMXB subclasses have
been recognized; the atoll sources, the Sco-like Z sources,
and the Cyg-like Z sources (Hasinger & van der Klis 1989;
Kuulkers et al. 1994). Observations of the Z-source transient
XTE J1701–462 have shown that these sub-classes are linked
through mass accretion rate, with the atolls having the low-
est mass accretion rates and the Cyg-like Z sources having
the highest ones (Lin et al. 2009b; Homan et al. 2010). The
differences in mass accretion rate between the sub-classes is
likely the result of differences in system parameters, such
∗This paper includes data gathered with the 6.5 meter Magellan Tele-
scopes located at Las Campanas Observatory, Chile.
as orbital period and properties of the donor star. However,
for many NS-LMXBs these parameters are not well known,
making it difficult to look for systematic differences in the
system parameters between the NS-LMXB sub-classes.
The identification of an X-ray binary at optical or near-
infrared (NIR) wavelengths is often a first step in gain-
ing more insight into the binary parameters, the mass
donor, or the accretion components (e.g. Casares et al. 1998;
Harrison et al. 2014). Some LMXBs, however, remain
unidentified in the optical or NIR due to a poorly deter-
mined X-ray position. One such source is GX 9+1, a NS-
LMXB that has been persistently bright since its discov-
ery in 1965 (Friedman et al. 1967). Together with GX 9+9,
GX 3+1, Ser X-1, and 4U 1735–44, it forms a sub-group of
atoll sources that spend most (or all) of their time in the spec-
trally soft state (Fridriksson 2011), also referred to as the ‘ba-
nana branch’. Iaria et al. (2005) constrained the distance to
GX 9+1 using an estimate of the neutral-hydrogen absorp-
tion column NH towards the source, obtained from the mod-
2Table 1. Chandra observations of GX 9+1 discussed in this paper
ObsID Detector R.A.(J2000) Dec.(J2000) Uncertaintya Remarks
717 ACIS-S/HETG 18h01m32.s26 –20◦31′47.′′9 0.6′′ Piled-up core
7030 HRC-I 18h01m32.s15 –20◦31′45.′′95 ≤ 3′′ Large SIM offset
7031 ACIS-S 18h01m32.s23 –20◦31′47.′′83 0.6′′ Piled-up core
— — 18h01m32.s15 –20◦31′46.′′1 0.6′′ Curran et al. (2011)
a90% confidence radius on the absolute astrometry
eling of BeppoSAX spectra. They derived a luminosity of
∼6 × 1037 erg s−1 (0.12–18 keV) for a distance of 5 kpc, or
∼0.3 times the Eddington luminosity, LEdd. Despite the fact
that the source has been known for more than half a cen-
tury, we have hardly any information on its system param-
eters. Given that the absorption column towards GX 9+1 is
substantial (NH ≈ 8 × 1021 cm−2 at least; Iaria et al. 2005)
a study of these parameters requires observations in the NIR
band.
Several attempts to look for the optical or NIR counterpart
of GX 9+1 around the Einstein X-ray position were under-
taken, but remained unsuccessful (Hertz & Grindlay 1984;
Gottwald et al. 1991; Naylor et al. 1991). In the most recent
search by Curran et al. (2011), a tentative NIR counterpart
was found based on the astrometric alignment of this star
with a precise X-ray position obtained with the Chandra X-
ray Observatory. However, all these studies, including the
work by Curran et al., have in common that the search area
for counterparts did not include the correct X-ray position. In
this paper we report the results of a new search for the NIR
counterpart to GX 9+1 based on a revised Chandra position.
In Sect. 2, we describe the observations and analysis of the
X-ray and NIR data used in this paper. The new NIR coun-
terpart is presented in Sect. 3. In the discussion of Sect. 4, we
constrain the evolutionary status of the secondary, and con-
sider the origin of the NIR emission in GX 9+1 in the context
of the NIR properties of other luminous NS-LMXBs.
2. OBSERVATIONS AND DATA ANALYSIS
2.1. X-rays
2.1.1. Chandra
GX 9+1 has been observed four times with Chandra. One
of these observations (ObsID 6569) was done in continuous
clocking mode and therefore does not provide useful imaging
information. The properties of the remaining three observa-
tions are summarized in Table 1. The analysis of the observa-
tions was performed with CIAO 4.7. The observations were
reprocessed using the chandra repro script.
For the HRC-I observation (7030) we extracted an 800
× 800 pixel2 image centered around GX 9+1, and ran the
CIAO task wavdetect to obtain a source position. We note
that during this observation the Science Instrument Module
(SIM) was not in its usual position. Observations with a large
SIM offset can have residual aspect offsets of up to 3′′, which
is substantially larger than the typical error in the Chandra
absolute astrometry of 0.′′6 (90% confidence) when the SIM
is in its nominal position1. For this reason, we do not con-
sider the position obtained from this observation very accu-
rate. The position is listed in Table 1, and is a close match
(only 0.′′15 different) to the Chandra position reported by
Curran et al. (2011). These authors used a position that they
obtained through private communication, and they did not
provide any details of the Chandra analysis. Nevertheless, it
is plausible that their adopted X-ray position is derived from
ObsID 7030, and therefore, that their adopted positional un-
certainty (0.′′6) underestimates the actual uncertainty.
In the ACIS-S observation 7031 the image of GX 9+1 was
heavily distorted due to a strongly piled-up core. While
wavdetect cannot be used to obtain a source position in
such a case, the deep and well-defined piled-up hole in the
center of the source’s image can still be used to obtain an
accurate visual estimate of the source position. Since the ob-
servation was done with the nominal SIM offset, we assume
a positional uncertainty of 0.′′6. The source position is listed
in Table 1 and differs from the one obtained from observa-
tion 7030 by more than 2′′; the two positions are consistent,
though, mainly due to the large error in the absolute astrom-
etry of the latter.
Although the HETG was used during observation 717, the
(zero-th order) image of GX 9+1 was still heavily distorted
by pile-up. In this case we used the CIAO tool tg findzo,
which locates the position of the zero-th order centroid by
finding the intersection of one of the grating arms with the
detector readout streak. Like for observation 7031, we as-
sume a positional uncertainty of 0.′′6. The position we obtain
with this tool (see Table 1) is consistent with that obtained
from observation 7031.
2.1.2. RXTE/ASM and MAXI light curves
We constructed a long-term light curve of GX 9+1 from
publicly available RXTE/ASM (Levine et al. 1996) and
MAXI (Matsuoka et al. 2009) data. For the MAXI data we
used the 4.0–10.0 keV band, since the data in 2.0–4.0 keV
band appeared to be affected by calibration issues after MJD
∼56,200. To match the MAXI band as closely as possible,
1 http://cxc.harvard.edu/cal/ASPECT/celmon/
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Figure 1. Long-term RXTE/ASM (black) and MAXI (red) light
curves of GX 9+1. Each data point represents a ∼7-day average.
The energy band used for the RXTE/ASM data is 3.0–12.1 keV,
while that for the MAXI data is 4.0–10.0 keV. The short vertical
lines indicate the epochs of our observations of the NIR counterpart
to GX 9+1 as listed in Table 2; epoch 3 is not indicated as the star
observed is not the true counterpart to GX 9+1.
we used data in the 3.0–12.1 keV band for the ASM. Fol-
lowing van den Berg et al. (2014), we removed data points
with large uncertainties (ctr/σctr < 20, with σctr the error on
the count rate ctr). The count rates from both instruments
were normalized to those of the Crab, in the selected energy
bands. For MAXI we divided the count rates by an additional
factor of 1.2, to match the count rates from the ASM around
MJD 55,000 – 55,500. Finally, to reduce some of the scatter
in the light curve, we rebinned the data in time by a factor
of seven. The resulting light curve is shown in Figure 1. A
strong long-term variation with a time scale of ∼9.5 years is
clearly visible. The short vertical lines in Figure 1 indicate
the times of the NIR observations analyzed and/or discussed
in this paper.
2.2. Magellan Near-infared Observations
For this work we obtained NIR imaging and spectroscopy
during four runs with the 6.5-m Magellan Baade Telescope in
Las Campanas, Chile. Table 2 gives a summary of the runs,
while more details of the observations and the data reduction
are given below.
2.2.1. PANIC imaging
We observed the field of GX 9+1 with the Persson’s Auxil-
iary Nasmyth Infrared Camera (PANIC; Martini et al. 2004)
on the nights of 2010 July 25 and 26. On the Baade Tele-
scope, PANIC’s 1024×1024 pixel2 HgCdTe detector pro-
vides a 2′×2′ field of view with a scale of 0.′′127 pixel−1. The
seeing improved from about 0.′′9 on the first night to 0.′′55 on
the second night. On both nights, we obtained two consec-
utive Ks-band sequences of the GX 9+1 field. For each se-
quence we adopted a nine-point dither pattern, with three 10
s images taken at each dither position. Sky-background maps
could not be constructed from the target exposures them-
selves as the field around GX 9+1 is too crowded. Instead, we
obtained an exposure sequence of an interstellar dark cloud
about 46′ away, where the source density is much lower.
Table 2. NIR observations of the GX 9+1 field reported in this paper
Epoch Date MJDa Instrument Texp seeing
(UTC) (UTC) (s) (′′)
1b 2010 Mar 29 55284.40076 SOFI 540 1.4
2-a 2010 Jul 25 55402.05384 PANIC 540 0.9
2-b 2010 Jul 26 55403.00737 PANIC 540 0.55
3 2012 May 1 56048.36185 FIRE 3 614 0.45
4 2012 Aug 8 56146.97466 Fourstar 707 0.9
5-a 2015 Apr 5 57117.35880 FIRE 4 217 0.4
5-b 2015 Apr 6 57118.36038 FIRE 4 819 0.4
aModified Julian Date at the midpoint of the observation. bData
retrieved from the ESO archive. More details can be found in
Curran et al. (2011).
The PANIC package for IRAF was used to perform the ba-
sic data processing steps. These include dark-subtracting the
science exposures, averaging the frames taken at each dither
position, correcting for non-linearity of the detector response,
applying a flat-field correction using master twilight flats,
and correcting for the astrometric distortion. The processed
frames of the offset field were median-combined to create
an initial sky map. After masking out any objects detected
in the sky-subtracted offset images, the median combining
was repeated to make the final sky map. The sky-subtracted
target frames were then aligned and stacked into one mas-
ter Ks image for each night. The astrometry of the stacked
images was tied to the International Celestial Reference Sys-
tem (ICRS) using the Two Micron All Sky Survey (2MASS)
catalog (Skrutskie et al. 2006). We fitted the measured posi-
tions of ∼45 unsaturated and relatively isolated stars to their
2MASS positions, solving for zero point, rotation angle, and
scale factor. The adopted fits have an r.m.s. scatter of ∼0.′′06
in right ascension and declination, which is comparable to
the errors in the absolute astrometry of the 2MASS catalog.
We used point-spread-function (PSF) fitting photometry to
extract magnitudes for stars in the field. For each night sep-
arately, the photometric calibration was derived by comput-
ing the average difference between the instrumental magni-
tudes of twelve isolated stars and the Ks magnitudes of their
2MASS counterparts. We adopt the r.m.s. scatter around the
mean offset as the error in the photometric calibration, which
amounts to 0.088 mag for both nights.
2.2.2. FourStar imaging
On 2012 August 8 we re-observed the field of GX 9+1
with the FourStar camera (Monson et al. 2011) on the Baade
Telescope under a seeing of ∼0.′′9. The 2×2 array of four
2048×2048 pixel2 HAWAII-2RG detectors images a 10.′8 ×
10.′8 field with a 0.′′159 pixel−1 scale; GX 9+1 was centered
on one of the detectors. We obtained a sequence of Ks-band
exposures arranged in a nine-point dither pattern, with nine
4exposures of ∼8.7 s taken at each dither position for a total
exposure time of 707 s. The same sequence was executed
on a pointing to a relatively empty offset field to obtain the
observations needed for constructing a sky background map.
We adopted a data-reduction procedure similar to the one
described in Sect. 2.2.1, except that we used the SCAMP pack-
age (Bertin 2006) to map out the variable pixel scale over
the chip area based on the measured positions of 2MASS
stars in the field. The distortion correction was applied and
the stacked Ks image was resampled to a linear pixel scale
of 0.′′12 pixel−1 (similar to the PANIC pixel scale) with the
SWarp routines (Bertin et al. 2002). The small degree of
oversampling compared to the native FourStar pixel scale is
justified by the non-integer offsets of the dither sequences.
We tied the astrometry to the ICRS in the same way as we
did for the PANIC images, which resulted in an astromet-
ric solution with an r.m.s. scatter of 0.′′052 in right ascension
and 0.′′073 in declination based on a fit to the positions of 36
2MASS stars. Magnitudes were calibrated to 2MASS with
an r.m.s. scatter of 0.050 mag using thirteen relatively iso-
lated stars.
2.2.3. FIRE spectroscopy
We used the Folded-port InfraRed Echellette (FIRE;
Simcoe et al. 2013) spectrograph on the Baade Telescope
to observe two objects. The NIR counterpart proposed by
Curran et al. (2011), which we designate star A, was ob-
served during a run on 2012 May 1. After we revised the
X-ray position of GX 9+1 based on Chandra ObsIDs 717
and 7031, we observed the new candidate counterpart, called
star B hereafter, during a run on 2015 April 5 and 6. More
details on the properties of these stars are given in Sect. 3.
For star A we obtained six 602-s exposures when the ob-
ject was at an airmass of ∼1. Star B was observed at an air-
mass of 1–1.1, for a total of eighteen 602-s exposures. The
adopted instrument rotation angle was such that the nearest
neighbors to the target did not fall in the slit. Seeing con-
ditions during both runs were excellent (.0.′′45). On both
occasions we used FIRE in echelle mode with a slit width of
0.′′6, which yields spectra with a continuous wavelength cov-
erage of 0.82–2.51 µm spread over 21 orders at a resolving
power of R ≈ 6000. The HAWAII-2RG detector provides a
pixel scale in the spatial direction of 0.′′18 pixel−1. Target ob-
servations were bracketed with observations of bright telluric
standards of spectral type A0 V.
Data reduction and the spectral extraction were done with
FIREHOSE, the custom-developed data processing pipeline
for FIRE (Bochanski et al. 2011). The wavelength calibra-
tion was done using ThAr lamp exposures taken immediately
before or after the target exposures, and OH sky emission
lines in the target exposures themselves. The typical errors
in the dispersion solution are .0.3 Å. Redward of 2.3 µm the
wavelength calibration is more uncertain because very few
useful calibration lines are present. Spectra of the NS-LMXB
GX 1+4 (Chakrabarty & Roche 1997) and the likely white-
dwarf symbiotic binary BW 3 (van den Berg et al. 2006),
which are both accreting binaries with an M-giant secondary,
were obtained during the 2015 FIRE run immediately fol-
lowing the target observations. The prominent CO absorp-
tion bands from the donor star that are present in the spectra
of both objects, can be used to check the wavelength cal-
ibration beyond 2.3 µm. Correction for telluric absorption
was accomplished with the method and routines described in
Vacca et al. (2003) as implemented in FIREHOSE.
3. RESULTS
The Chandra positions for GX 9+1 from Table 1 are
marked on our PANIC image from 2010 July 26 in Figure 2.
The error circles shown represent the respective 90% confi-
dence radii on the source positions (r90), in which the abso-
lute pointing error on the X-ray position (column 5 in Ta-
ble 1) and the error on the NIR astrometry are combined
in quadrature. The 1-σ error on the NIR astrometry is
0.′′084 for our PANIC image, and 0.′′16 for the astrometry
of Curran et al. (2011); before combining these errors with
the X-ray astrometric error, both are scaled to a 90% confi-
dence radius assuming a 2-D gaussian distribution. Star A
lies only ∼0.′′23 from the X-ray position that follows from
ObsID 7030, and only ∼0.′′1 from the Curran et al. position.
Given the close proximity to their adopted X-ray position and
the lack of other stars in their adopted error circle, Curran
et al. considered A the likely counterpart to GX 9+1. How-
ever, they assumed an uncertainty on the X-ray position that
is much smaller than the up to 3′′ that is warranted by the
large SIM offset. Star A is in fact only one of about a dozen
candidate NIR counterparts inside the actual 90% error circle
around their adopted X-ray position. On the other hand, the
more accurate position derived from Chandra ObsIDs 717
and 7031 is only consistent with one NIR source that we de-
tected, viz. star B. The positions and Ks photometry of both
stars are reported in Table 3.
Our FIRE spectra of the two stars indeed show that B
is the counterpart of GX 9+1. Its spectrum shows the
Brackett (Br) γ line at 2.166 µm in emission—a signature
that is commonly seen in the NIR spectra of LMXBs (e.g.
Bandyopadhyay et al. 1997, 1999). In the stacked spectra
of both nights of run 5, this emission feature is broad and
has an equivalent width (EW) of about −7 ± 2 Å. No other
significant emission or absorption lines can be seen but we
note that above ∼2.34 µm the spectrum is very noisy. The
spectrum of star A, on the other hand, shows numerous ab-
sorption features that can be identified with atomic lines and
molecular bands present in the NIR spectra of late-type stars
(Rayner et al. 2009). The clear 12CO absorption features be-
tween ∼2.29 and 2.39 µm, and the comparatively weak ab-
sorption lines of the Brackett series, constrain the spectral
type of A to be somewhere between late-G and early-K. Fig-
ure 3 shows the spectra of both objects around Br γ. Below
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Table 3. NIR astrometry and photometry for stars A and B
ID R.A. (J2000)a Dec. (J2000) ∆b Epoch 1 Epoch 2-a Epoch 2-b Epoch 4 VVVc
(′′)
A 18h01m32.s155 –20◦31′46.′′17 2.27 Ks=15.09(2) Ks=15.06(1) Ks=15.05(1) Ks=15.06(1) Ks=15.00(5), H=15.41(5),
J=16.76(5)
B = GX 9+1 18h01m32.s251 –20◦31′47.′′91 0.13 Ks>16.1 Ks=16.48(1) Ks=16.43(1) Ks=16.53(1) Ks=16.3(1)d, J=17.8(1)d
Numbers in parentheses are the errors in the last significant digit and are the DAOPHOT errors on the PSF photometry. Additional errors in the
photometric calibration with respect to 2MASS are 0.05 for Epoch 1, 0.09 mag for Epochs 2-a and 2-b, and 0.05 mag for Epoch 4. aPositions
derived from the PANIC image of 2010 July 26. bAngular offset between the NIR positions and the Chandra position derived from ObsID
7031. cVVV magnitudes were converted to the 2MASS system using equations on http://casu.ast.cam.ac.uk/surveys-projects/vista/. dObject
could be blended.
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Figure 2. PANIC Ks-band image of the region around GX 9+1 from
2010 July 26. Stars A and B are marked with small yellow circles.
The Chandra positions from ObsIDs 717, 7030, and 7031 are at
the center of the black, orange, and red circles, respectively, which
have radii equal to the combined X-ray/NIR 90% confidence errors
on the position, r90. For ObsIDs 717 and 7031 r90 = 0.′′63, and for
ObsID 7030 r90 = 3′′. The position and error radius adopted by
Curran et al. (2011) are represented by the dashed white circle with
r90 = 0.′′69. The image is 10′′×10′′; north is up, east to the left.
∼1 µm the spectra have a low signal-to-noise, a sign that both
stars are significantly reddened.
The shape of the Br γ line of star B looks asymmetric, with
the part lying to the red of the emission peak having a steeper
slope than the blue side. The widths that correspond to the
blue and red side, respectively, are about −1000 km s−1 and
500 km s−1, where we define the width as the approximate
separation between the wavelength of the peak flux and the
wavelength where the flux reaches the continuum (either on
the blue or red side). This asymmetry is visible in the stacked
spectra of both nights. Higher signal-to-noise, or higher res-
olution, spectra are needed to further investigate this asym-
metry, which could be a signature of multiple emission com-
ponents in the system centered at different velocities.
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Figure 3. The continuum-normalized FIRE spectrum of star B
(GX 9+1; middle) shows an emission line at 2.166 µm (dotted line)
that can be identified with Br γ; this clearly demonstrates it is the
counterpart to GX 9+1. The spectrum of A (bottom) shows a weak
Br γ absorption line. For comparison, we also include the spec-
trum of the NS-LMXB GX 1+4 (top), which also has Brγ in emis-
sion; this spectrum was corrected for the systemic radial velocity
of GX 1+4 (Hinkle et al. 2006). Arbitrary offsets of +0.3 and +0.6
have been applied to the fluxes of B and GX 1+4, respectively. The
spectra of A and B have been smoothed with a bin size of 3 pixels to
suppress the noise. The fluxes in three narrow regions in the spec-
trum of B that were impacted by non-optimal sky-subtraction have
been set to 1.
With our very limited temporal sampling, we can say lit-
tle about brightness variations of star B. In order to com-
plement our own photometry, we analyzed the Ks images of
the GX 9+1 field presented in Curran et al. (2011). The data
set consists of nine dithered images taken on 2010 March
29 with the Son OF ISAAC (SOFI) infrared spectrograph
and camera on the 3.6m ESO New Technology Telescope
(NTT) at La Silla, Chile. The total exposure time is 540
s. After applying the SOFI data-reduction steps as outlined
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Figure 4. Observed (gray) and dereddened (black) spectral energy
distributions of GX 9+1. For each echelle order of the FIRE spec-
trum that is not significantly contaminated by atmospheric absorp-
tion, the average flux is plotted and the error bar represents the stan-
dard deviation of the flux. The spectrum that is shown here was
dereddened assuming NH = 15 × 1021 cm−2, NH/AV = 2.21 × 1021
(Gu¨ver & ¨Ozel 2009), and the Nishiyama et al. (2009) extinction
law (Aλ ∝ λ−2.0). Overplotted with a dotted line is a function of the
form Fλ ∝ λ−2−α with α = 0.32± 0.15 (see discussion in Sect. 4.3).
in the SOFI manual2 (linearity and crosstalk correction, flat-
fielding, sky subtraction), we combined these images into a
single stacked image. The astrometry and photometry were
calibrated against 2MASS in a similar way as described in
Sections 2.2.1 and 2.2.2. Due to the poor seeing (1.′′4) and
coarser pixel scale of SOFI (0.′′288 pixel−1), star B is blended
with at least two neighbors; we find Ks = 16.10 ± 0.08 for
the blend.
We also searched the source catalog of the UKIDSS Galac-
tic Plane Survey (GPS; Lucas et al. 2008) for any detections
of star B, but found no entries for this star in the latest
publicly available GPS catalog (UKIDSSDR8plus). In the
co-added interleaved JHK images of the GPS, star B ap-
pears blended with its neighbor to the southeast. Finally, we
checked if star B is included in the catalogs of the VISTA
Variables in the Via Lactea (VVV) Survey (Minniti et al.
2010). Star B appears neither in the single-epoch, filter-
merged (ZYJHKs) source catalog, nor in the variable-star
catalog of VVV Data Release 2 (DR2). However, in the
single-filter catalogs that are associated with the 61 VVV
DR4 images that include the region around GX 9+1, we find
two detections of star B: J = 17.8 ± 0.1 (from an observa-
tion on 2010 April 12) and Ks = 16.3 ± 0.1 (from 2012 July
22). Since in both cases the detections are flagged as “non-
stellar” (likely because of blending with the neighbor), these
magnitudes should be regarded with caution.
We note that star A is detected in the VVV DR2 cata-
log (see Table 3) and the UKIDSS GPS catalog (with J =
16.84(4), H = 15.60(3), and Ks = 15.07(3) in the 2MASS
system; calibration from Lucas et al. 2008). From the SOFI
2 https://www.eso.org/sci/facilities/lasilla/instruments/sofi/doc/manual/sofiman 2p30.pdf
images we derive Ks = 15.09 ± 0.06 for A. This is consis-
tent with the PANIC, GPS, and VVV values, but significantly
different than the value quoted in Curran et al. (2011), viz.
Ks = 15.35 ± 0.04, even though the two measurements are
derived from the same data.
4. DISCUSSION
Having identified the NIR counterpart to GX 9+1, we can
now explore the nature of the mass donor and the origin of
the NIR emission. In order to derive the intrinsic spectral
shape of the NIR emission, it is necessary to first review
the column density NH and (optical or NIR) extinction A to-
wards GX 9+1, and, connected to those factors, its distance
d (Sect. 4.1). The suggested ranges in NH , A, and d have lit-
tle impact on our conclusions regarding the donor (Sect. 4.2).
On the other hand, NH and A do affect the slope of the dered-
dened NIR spectrum—and therefore the interpretation of its
origins—quite significantly (Sect. 4.3). Based on the impli-
cations of the choice of NH for the distance and X-ray lumi-
nosity of GX 9+1, we argue below in Sect. 4.1 that a value of
NH near the high end of the suggested range is more likely.
4.1. Column density and distance
The estimate of d = 5 kpc that was adopted by Iaria et al.
(2005) was chosen to lie in between the values that fol-
low from two extremes in NH . In their best-fitting model
to the GX 9+1 BeppoSAX spectra, NH is as low as (8 ±
1) × 1021 cm−2. Using the Taylor & Cordes (1993) model
for the spatial distribution of the ionized hydrogen in the
Galaxy, combined with an assumed ionized-hydrogen frac-
tion of 10%, Iaria et al. estimated that the corresponding
distance is 4.4±1.3 kpc. Alternative modeling of the Bep-
poSAX spectra at especially the lower energies, resulted in an
NH that is almost two times higher. A higher column den-
sity was also reported by others; White et al. (1988) derived
NH ≈ 1.5 × 1022 cm−2 or even higher, and more recently,
Valencic & Smith (2015) found NH = 1.24(5) × 1022 cm−2.
The distance estimate increases accordingly, to about 6.4±1.9
kpc for NH = 1.5 × 1022 cm−2 in the Taylor & Cordes model
(Iaria et al. 2005).
Using more recent maps of the Galactic extinction to turn
NH into a distance, we find relatively small distances for
the lower limit of NH = (8 ± 1) × 1021 cm−2, viz. 3.7±0.3
kpc (based on the Drimmel et al. (2003) map for the opti-
cal extinction AV ), and 2.1±0.3 kpc (for the Schultheis et al.
(2014) E(J − Ks) maps3). We used Nishiyama et al. (2008,
2009) to convert the NIR extinction to the V-band extinc-
tion (AV : AJ : AKs = 1 : 0.188 : 0.062), and
NH = 1.79(3) × 1021 AV cm−2 (Predehl & Schmitt 1995).
3 Schultheis et al. (2014) compute maps of E(J − Ks) versus distance and
of E(H − Ks) versus distance, but for simplicity we only report the results
for the former here. The E(H − Ks) maps predict distances that are about
15% smaller.
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Valencic & Smith (2015) and Gu¨ver & ¨Ozel (2009) derived
higher NH/AV ratios, viz. NH = 2.08(9) × 1021 AV cm−2 and
NH = 2.21(9) × 1021 AV cm−2, respectively. The distance
to GX 9+1 based on these relations, is even smaller: using
Gu¨ver & ¨Ozel (2009), we find values down to 3.3±0.3 kpc
(Drimmel) and 1.7±0.2 kpc (Schultheis). These estimates
place GX 9+1 in front, or at most on the near edge, of the
Galactic bulge. However, the concentration of many bright
X-ray binaries—including GX 9+1—in the direction of the
bulge, makes it plausible that many are actually located in the
bulge. This implies a conservative lower limit of d ≈ 4 kpc
according to the Galaxy model by Picaud & Robin (2004).
This consideration does not put a firm constraint on the dis-
tance to any individual X-ray binary, but it does make these
small distances for GX 9+1, and therefore low column den-
sities, less likely.
Another argument against a small distance comes from
comparing the X-ray properties of GX 9+1 with those of
the transient NS-LMXB XTE J1701–462. This system has
a distance estimate (8.8±1.3 kpc, Lin et al. 2009a) obtained
from two type I radius expansion bursts. During the de-
cay of its 2006/2007 outburst it displayed X-ray behavior
quite similar to GX 9+1, i.e. it traced out tracks in its color-
color (CDs) and hardness-intensity diagrams (HIDs) that has
shapes similar to those of GX 9+1. The closest resemblance
between the CD/HID tracks of GX 9+1 (Fridriksson 2011)
and XTE J1701–462 (Lin et al. 2009b; Homan et al. 2010)
occurs for a bolometric luminosity range of the latter of about
(6−18)×1037 erg s−1 (see Figures 3 and 5 in Lin et al. 2009b).
Given the 0.12–18 keV flux reported by Iaria et al. (2005)
(∼2.0×10−8 erg cm−2 s−1), a distance of . 4 kpc would im-
ply a luminosity of . 3.8 × 1037 erg s−1 for GX 9+1. Such
low values are at odds with the luminosity suggested by the
analogy with XTE J1701–4624.
An NH of 1.5×1022 cm−2 gives a distance of ∼7 kpc (Drim-
mel) or 5.5 kpc (Schultheis) when using Predehl & Schmitt
(1995), or 4.9 kpc (Drimmel) or 3.3 kpc (Schultheis) when
using Gu¨ver & ¨Ozel (2009). Except for the latter estimate,
this is more in line with a bulge origin of GX 9+1.
4.2. Constraints on the nature of the secondary in GX 9+1
High mass accretion rates (∼10−9–10−8M⊙ yr−1) are re-
quired to power the most luminous NS-LMXBs, which are
thought to be accreting up to ∼0.5 Ledd (for the bright atolls)
or even close to or above the Eddington limit (Z sources).
It has been suggested that the mass donors in these sys-
tems are evolved stars, whose evolutionary expansion upon
ascent of the giant branch drives the high mass transfer
rate (Webbink et al. 1983; Taam 1983). For the persis-
tent Z sources with known orbital periods (Pb) this is in-
4 Here we have assumed that 0.12–18 keV luminosity is close to the bolo-
metric value.
deed a plausible scenario: Sco X-1, Sco X-2, Cyg X-2 and
GX 13+1 have orbital periods between ∼19 h and ∼25 d
(Gottlieb et al. 1975; Wachter & Margon 1996; Cowley et al.
1979; Iaria et al. 2014), which is too long for a Roche-lobe–
filling main-sequence star. On the other hand, the (ten-
tative) orbital periods of the bright atolls Ser X-1 (∼2 h;
Cornelisse et al. 2013), GX 9+9 (4.2 h; Hertz & Wood 1988),
and 4U 1735–44 (4.7 h; Corbet et al. 1986) are in the ex-
pected range for a main-sequence donor. Similarly, the esti-
mated absolute Ks magnitudes (MKs ) of the NIR counterparts
to GX 3+1 and 4U 1705–44 (a source that is often as bright
as the other bright atolls) exclude that the neutron star is fed
by a late-type giant (van den Berg et al. 2014; Homan et al.
2009). This implies that other scenarios must be invoked
to explain the high accretion rate in these systems (see e.g.
Verbunt & Zwaan 1981), although the distinction in orbital
period between Z sources and bright atolls cannot be that
straightforward. With Pb ≈ 21 h (Jones & Watson 1989),
the luminous dipping atoll source 4U 1624–49 likely hosts
an evolved star. Conversely, with an estimated MK ≈ +2.9
(Jonker et al. 2000) in the non-flaring state, the Z-source
GX 17+2 is far too faint to allow a giant donor if the assumed
distance of ∼7.5 kpc is correct (see also Callanan et al. 2002).
Evidently, the distance to GX 9+1 is poorly determined as
a result of uncertainties in NH , the Galactic distribution of
the absorbing material, and the relation between NH and AV .
However, none of the combinations for NH , AV , and d de-
scribed above predict an absolute Ks magnitude of GX 9+1
that is less than MKs = 1.4. For example, for d = 4 kpc
(the minimum plausible distance) and NH = 8 × 1021 cm−2,
MKs ≈ 3.3, while for d = 8.3 kpc (the maximum distance ac-
cording to the Taylor & Cordes model) and NH = 1.5 × 1022
cm−2, MKs ≈ 1.4 (the choice of NH/AV ratio has an ef-
fect of .0.1 mag). Like in most bright atolls, a giant sec-
ondary for GX 9+1 is therefore excluded, as giants with spec-
tral types of G0 or later have MKs.−0.45 (Ostlie & Carroll
2007; Bessell & Brett 1988) and are therefore brighter than
GX 9+1 in the Ks band. Main-sequence secondaries of spec-
tral type G0 to M5 have MKs=3.0–8.4 (Mamajek 20165). In
the Ks band, an M5 dwarf would therefore contribute only
∼1% of the light at most, if GX 9+1 would have MKs ≈ 3.3.
As a result, there is no hope of detecting its Na I absorp-
tion lines at 2.206 µm and 2.209 µm or its 12CO bandhead
at 2.294 µm (the strongest features in this wavelength range;
Rayner et al. 2009) in our spectra, which have a signal-to-
noise S/N ≈ 25 around 2.1–2.2 µm, and S/N ≈ 5 around
2.29 µm. Even a G0 or K0 dwarf would be difficult to detect:
their strongest absorption features in the Ks band (apart from
Br γ) have a depth of at most ∼10% below the continuum,
so even if such a star would dominate the Ks-band emission,
5 http://www.pas.rochester.edu/∼emamajek/EEM dwarf UBVIJHK
colors Teff.txt
8the depth of these lines would at most be similar to the 3σ
noise level. Our non-detection of any spectral features other
than the Br γ emission line is therefore consistent with the
secondary being a late-type dwarf.
4.3. The origin of the NIR emission in GX 9+1
Synchrotron emission and thermal emission can both con-
tribute to the NIR spectra of luminous NS-LMXB binaries.
The dominant emission process can be inferred from the
spectral slope, i.e. the index α if the spectra are written as
Fν ∝ να with F the flux and ν the frequency.
In systems where accreted matter is carried away from the
system via a jet, synchrotron emission from the jet is de-
tected in the radio and, in some cases, all the way to the
NIR/optical. The signature characteristic of the optically
thick part of a steady jet is the flat-spectrum (α ≈ 0) radio
emission. Emission from the optically thin inner regions of
the jet can be significant at higher frequencies, and produces
a distinctive negative spectral index (α < 0). For example,
millisecond X-ray pulsars and atolls that are less luminous
than GX 9+1 but have LX & 1036 erg s−1 (Russell et al. 2007)
display such red NIR spectra. For most NS-LMXBs it is un-
clear at which frequency the break between optically thick
and thin synchrotron emission occurs. In 1RXS J180408.9–
342058, the outburst NIR/optical emission at frequencies as
high as the SDSS r band showed a flat spectrum when the
source was in an X-ray hard state (Baglio et al. 2016). For
4U 0614+091 the break lies in the mid-IR (Migliari et al.
2010), with the optically thin component declining towards
the NIR, at which point it is dominated by thermal emission.
In cases like 4U 0614+091, or when a jet is absent to be-
gin with, thermal emission from an X-ray–heated or vis-
cously heated accretion disk, or from the (possibly X-ray–
heated) secondary, gives rise to a positive α. Specifically,
emission dominated by X-ray reprocessing results in 0.5 .
α . 2, whereas for a viscously heated disk the expected
α is 1/3 or 2 (Russell et al. 2007; Hynes 2005; Frank et al.
1992). With the exception of GX 17+2 (Harrison et al.
2011), thermal emission typically dominates the NIR spec-
tra of the Z sources (Russell et al. 2007; Harrison et al.
2014), all of which have been detected as radio-jet sources6
(Fender & Hendry 2000). Emission from an irradiated
disk can also explain the NIR spectrum of the two lumi-
nous atolls 4U 1705-44 and GX 3+1 (Homan et al. 2009;
van den Berg et al. 2014), for which a radio jet has never
been detected.
To uncover the origin of the NIR emission in GX 9+1, we
have fitted the dereddened FIRE spectrum with a power-law
6 Another manifestation of optically thin synchrotron emission is linear
polarization of the light. This has been observed, for example, in Sco X-
1 and Cyg X-2 (e.g. Shahbaz et al. 2008). These systems have αNIR > 0
but, based on the observed polarization, the synchrotron component is not
altogether absent from the NIR.
Table 4. Results for the NIR spectral index α
NH AV α (N09) α (CCM89)
(cm−2)
8 × 1021 4.5 (PS) −0.40 ± 0.12 −0.08 ± 0.13
3.6 (GO) −0.65 ± 0.12 −0.38 ± 0.12
1.5 × 1022 8.4 (PS) 0.87 ± 0.16 1.56 ± 0.18
6.8 (GO) 0.32 ± 0.15 0.9 ± 0.1
Summary of the values of the spectral index α that result from fits to
the FIRE spectrum of GX 9+1. The spectrum was dereddened us-
ing different assumptions about NH , NH/AV (PS=Predehl & Schmitt
(1995), GO=Gu¨ver & ¨Ozel (2009)), and the NIR extinction law
(N09=Nishiyama et al. (2009), CCM89=Cardelli et al. (1989).)
shape (see Fig. 4). Taking the suggested range in NH at face
value, we find that the spectral index is poorly constrained;
the possible range in NH/AV ratios only makes it worse. Fits
to the spectrum that is dereddened using the Nishiyama et al.
(2009) extinction law, give α ≈ −0.40 ± 0.12 for NH =
8 × 1021 cm−2, and α ≈ 0.87 ± 0.16 for NH = 1.5 × 1022
cm−2 for the Predehl & Schmitt (1995) NH/AV ratio7. For
the Gu¨ver & ¨Ozel (2009) ratio, the spectral index is smaller,
viz. α ≈ −0.65±0.12 and α ≈ 0.32±0.15 for the low and high
NH value, respectively. The Nishiyama NIR extinction law is
appropriate towards the Galactic center. Since GX 9+1 is lo-
cated about 10◦ away from this direction, we have also con-
sidered the Cardelli et al. (1989) extinction law. The effect is
to increase the values of α (see the last column in Table 4).
As discussed in Sect. 4.1, we consider the lower NH values
less likely as they imply a rather small distance and low X-
ray luminosity for GX 9+1. If the actual NH towards GX 9+1
is indeed on the high end of the range considered, the posi-
tive slope of the NIR spectrum of GX 9+1 points at thermal
emission. Given the uncertainties in the extinction law and
NH/AV ratios, we refrain from trying to distinguish between
viscous heating and heating by X-ray reprocessing. The pos-
itive slope is inconsistent with a dominant contribution from
jet synchrotron emission in this wavelength region. In this
respect, GX 9+1 is similar to the other two bright atolls and
most Z sources that have been studied in the NIR, which also
have NIR spectra with positive slopes. For GX 9+1 and the
other bright atolls, there is no indication for the presence of a
strong jet given that these sources have not been detected at
radio wavelengths (Berendsen et al. 2000). This is not sur-
prising as jets are commonly associated with NS-LMXBs
that are in relatively hard X-ray spectral states. The bright
atolls, on the contrary, are typically found in an X-ray–soft
7 We caution that our FIRE spectra are not properly flux-calibrated, but
have been corrected by a telluric standard; this should restore the approxi-
mate shape of the spectra if the difference in slit losses between the telluric
standard and GX 9+1 does not introduce a color-dependent effect on the
spectra.
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state. Therefore, we can also turn the argument around: the
assumption that there is no jet in GX 9+1, implies that α must
be positive. This can be used as another argument in favor for
the higher NH values towards the system.
If the thermal NIR emission is mainly coming from the
outer disk, where X-ray heating dominates over viscous heat-
ing, there should be a connection between the Ks-band lumi-
nosity, the X-ray luminosity, and the orbital period (which
sets the size of the disk). The existence of such a correla-
tion has been demonstrated by Revnivtsev et al. (2012), anal-
ogously to the work by van Paradijs & McClintock (1994)
for the case of the optical emission of X-ray binaries. We
have used their empirical formula to constrain the orbital pe-
riod of GX 9+1 based on its X-ray luminosity and estimated
absolute Ks magnitude. We assume that ∼70% of the X-ray
luminosity in the 0.12–18 keV band is emitted in the 2–10
keV band8, for which Revnivtsev et al. derived their relation.
The resulting range is not very restrictive: for d = 4 kpc and
NH = 8×1021 cm−2 we find Pb ≈ 1.0 h, whereas d = 8.3 kpc
and NH = 1.5×1022 cm−2 give Pb ≈ 4.0 h. Again, the choice
of NH/AV ratio has a small (.5%) effect. Follow-up photo-
metric monitoring of the NIR counterpart may reveal the ac-
tual orbital period of GX 9+1. The long-term variation in the
X-ray light curve that is clearly visible in Fig. 1 is unlikely
to be related to the orbit but could reflect very-low frequency
noise or solar-like magnetic-activity cycles (Kotze & Charles
2010; Durant et al. 2010)
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